Future cosmic microwave background polarization experiments will search for evidence of primordial tensor modes at large angular scales, in the multipole range 4 ≤ ≤ 50. Because in that range there is some mild evidence of departures from scale invariance in the power spectrum of primordial curvature perturbations, one may wonder about the possibility of similar deviations appearing in the primordial power spectrum of tensor modes. Here we address this issue and analyze the possible presence of features in the tensor spectrum resulting from the dynamics of primordial fluctuations during inflation. We derive a general, model independent, relation linking features in the spectra of curvature and tensor perturbations. We conclude that even with large deviations from scale invariance in the curvature power spectrum, the tensor spectrum remains scale invariant for all observational purposes.
Introduction
The simplest models of cosmic inflation [1] [2] [3] [4] predict both scalar and tensor primordial fluctuations, characterized by a set of nearly scale invariant power spectra. While cosmic microwave background (CMB) observations have enabled us to tightly constrain the power spectrum of scalar perturbations, a detection of primordial gravity waves (in the form of B-modes) remains a pending challenge. Current efforts to observe the CMB polarization will reach the limits of cosmic variance, allowing us to either measure or constrain the tensor-to-scalar ratio r down to r ∼ 0.01 -0.002 [5] [6] [7] [8] . The observation of B-modes in the CMB would give us access to the value of the Hubble expansion rate H during inflation, reinforcing the idea that the Hot Big Bang era was preceded by a stage of dramatic accelerated expansion.
Although current CMB observations are compatible with a nearly scale invariant power spectrum for curvature perturbations [9] , there are some hints of scale dependent features present in the spectrum at certain multipoles [10] [11] [12] [13] . The shape and size of such features could in principle allow us to discriminate the type of physics that played a role during inflation, since their appearance in the primordial spectra would invalidate the simplest models of inflation, forcing us to consider models in which non-trivial degrees of freedom interacted with primordial curvature fluctuations around horizon crossing [9, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (see also [31] [32] [33] for early work on features of the tensor spectrum and [34] for an up-to-date review). The prospects of unveiling physics beyond the single-field slow-roll paradigm has also propelled new ideas to analyze the presence of such features in 21 cm and Large Scale Structure observations [35] [36] [37] [38] .
The effective field theory (EFT) approach to inflation [39, 40] is particularly useful to understand the appearance of features in the primordial spectra. This formalism allows one to study models of inflation beyond the canonical single field paradigm by incorporating the sound speed at which curvature fluctuations propagate, as a parameter in the Lagrangian for perturbations. Within this framework, features are the consequence of time variations of background quantities appearing in the Lagrangian describing the dynamics of the lowest energy fluctuations. These time variations break -in a controlled way -the standard behavior required in single field slow-roll inflation, producing localized features in the spectra, though without invalidating inflation as a mechanism to explain the origin of primordial fluctuations in a way compatible with observations. Given that the source of features may be traced back to background parameters that affect the evolution of all perturbations, features appearing in different n-point correlation functions would be necessarily correlated [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . In the case of scalar perturbations, a powerful way to study such time-dependent departures from slow-roll is the joint estimator analysis of two-and three-point correlation functions [52] , since a detection of correlated signals in the power spectrum and bispectrum would increase the statistical significance of these features.
In this article we explore the possibility of establishing a novel class of cross correlation between spectra. Specifically, the questions we wish to address are the following: If features in the primordial scalar power spectrum are confirmed, would they also show up in the tensor power spectrum? In addition, if the scale suppression of the angular power spectrum in the multipole range 4 ≤ ≤ 50 is found to be of primordial origin, what type of signal should we expect in the angular power spectrum of B-modes? To that end, we study the effect of time dependent backgrounds on the dynamics of fluctuations in order to correlate features in the power spectra of scalar and tensor modes. Our main result is that features ∆P T /P T , appearing in the tensor power spectrum P T , are correlated to features ∆P S /P S , appearing in the scalar spectrum P S in Fourier space, in the following way
where 0 is the (constant) average value of the slow-roll parameter = −Ḣ/H 2 . This expression tells us that any feature appearing in the tensor spectrum is in general suppressed with respect to those appearing in the scalar spectrum [53] . This suppression is two-fold: On the one hand, 0 must be small in order to keep inflation valid as a mechanism to produce fluctuations over a large range of scales. On the other hand, the ln k-derivatives must be large in order for features to be observable in the scalar power spectrum. * Note that this approach is model independent since it takes the scalar power spectrum data as an input without reference to the mechanism that produces the features.
Our results show that any strong departure of scale invariance in the scalar spectrum must come together with a consequential departure in the tensor spectrum, but at a level that is too small to be observed. As a corollary, any future observation of scale invariance departures in the tensor spectrum cannot be of primordial origin, unless some exotic mechanism underlies their origin. For example, models where the only background quantity experiencing rapid variations is the tensor sound speed will have features only in the tensor spectrum [54] . On the other hand, non Bunch-Davies initial conditions may lead to features in the two spectra with the same amplitude [55] . In this work, however, we are interested in predicting the scale dependence of the tensor spectrum from the scalar power spectrum, highlighting the perspective of a joint analysis of the two spectra. Having this in mind, in the particular case of the observed deficit of the angular power spectrum around ∼ 20, we conclude that coming CMB polarization experiments should not encounter any scale dependence of the spectrum around that region.
The article is organized as follows: In Section 2 we present the method used and derive the correlation of the two power spectra for the cases where i) features appear due to sudden variations of the Hubble scale, and ii) variations in both the Hubble scale and the sound speed are responsible for features. In Section 3, we present results for the tensor power spectrum in the low region, modeling the features in the scalar signal with a Gaussian and a cosine function. Finally, we conclude in Section 4.
Correlation of power spectra
In this section we apply the methods elaborated in [43, 46] to correlate features appearing in the tensor and scalar power spectra. Our method is based on the in-in formalism to study * As we shall see in the next section, observable features in the spectra must have an identifiable structure over a range of scales smaller than ln k. This implies that ln k-derivatives acting on either ∆PT or ∆PS must be large. the evolution of quantum fluctuations on a time dependent quasi-de Sitter background [56, 57] . Another widely used method to study features is the so called generalized slow-roll formalism [58] [59] [60] [61] .
Preliminaries
Let us set the ground for the computation by first writing down the quadratic actions for the scalar and tensor perturbations in Fourier space. For the scalar part we will consider the primordial curvature perturbation R in comoving gauge. On the other hand, for the tensor part we will work with the traceless and transverse perturbation γ ij as:
where k is the wave vector (or momenta), and e + ij (k) and e × ij (k) are the elements of a time independent basis for tensors satisfying δ ij e ij = 0 and k i e ij = 0. We may further define canonically normalized fields u and f +,× as
where a(t) is the scale factor, c s is the sound speed of the curvature perturbations and = −Ḣ/H 2 the first Hubble slow-roll parameter. In these variables, the quadratic actions for scalar and tensor modes in conformal time τ are found to be
where we have chosen units such that m Pl = 1, while keeping only one polarization mode for simplicity. Notice that primes ( ) represent derivatives with respect to τ . The background quantities z /z and a /a may be written as
where η = / aH and s = c s /c s aH.
Rapidly time varying backgrounds
To describe the origin of features, we may split each action into a zeroth order term, that describes the evolution of fluctuations in a quasi-de Sitter spacetime, and an interaction term, that contains the rapidly varying contributions of the background. To do so, we will assume that the background is such that remains small ( 1) throughout the whole relevant period where features are sourced. To model this behavior we will take to be of the form:
where 0 is (for any practical purpose) a constant, and ∆ (τ ) contains information about the sudden variations of the background. One could consider that 0 = −Ḣ 0 /H 2 0 , where H 0 is the slowly varying part of the Hubble expansion rate. In the same manner, η will have two contributions:
where η 0 = −˙ 0 /H 0 0 . Given that we are taking 0 as a slowly varying function, we may neglect η 0 against ∆η and simply take
We will additionally assume that η remains small at all times:
However, given that we are interested into understanding the effects of rapidly varying backgrounds, further derivatives of η could be large, and the following hierarchy may be satisfied:
On the other hand, we may also consider rapid variations of the sound speed c s admitting departures from the slowly varying value c 0 = 1:
The hierarchies (2.12) and (2.13), together with eqs. (2.8) and (2.11) , reflect what we mean by having a rapid varying background near a quasi-de Sitter state.
The previous assumptions allow us to rewrite z /z and a /a in the following way
where we have used τ −(aH) −1 (1 + ), and introduced the quantities δ S (τ ) and δ T (τ ) to parametrize the rapid variations of the background:
By plugging these expressions back into the actions of eqs. (2.4) and (2.5) and treating the rapidly varying parts as interaction terms, we may split the theory as:
Notice that eq. (2.12) implies a further hierarchy of the form
where δ stands for both δ S and δ T . Given that a change in e-folds dN is related to a change in conformal time by dN = −dτ /τ , the previous hierarchies simply tell us that δ S and δ T vary rapidly over an e-fold:
As we shall see, these are the rapidly varying functions that source the appearance of features in the spectra.
In-in formalism
We may now use the standard in-in formalism (see [62] for a review), which provides a way to compute the effects of the rapid time varying background on n-point correlation functions. To simplify the discussion, let us focus our attention on the scalar sector of the theory (i.e. the u fluctuations), and then come back to the case of tensor modes. Firstly, the complete solution u(k, τ ) can be written in terms of interaction picture fields u I (k, τ ) as 20) where U (τ ) is the propagator, given by
Here T is the time ordering symbol, and ∞ + = (1 + i )∞ is the usual prescription to choose the right vacuum in the infinite past. In addition, H I (τ ) is the interaction Hamiltonian, given by
The interaction picture fields u I (k, τ ) are given by free field solutions of the zeroth order action (i.e. with δ S = 0), written in terms of creation and annihilation operators a † k and a k as:
The creation and annihilation operators satisfy the standard commutation relation a k , a † k = (2π) 3 δ (3) (k − k ), whereas the mode functions u k (τ ) are given by mode solutions respecting Bunch-Davies initial conditions:
Furthermore, the vacuum state |0 is defined to satisfy a k |0 = 0. By expanding the propagator U(τ ), we may compute corrections to the two point function as
The power spectrum P R (k, τ ) of the primordial curvature perturbation R (evaluated at a given time τ ) is related to the two point function u(k, τ )u(k , τ ) as follows:
We are interested in the power spectrum of super horizon modes at the end of inflation P R (k), which corresponds to the τ → 0 limit of P R (k, τ ). By taking into account the splitting of the theory into the zeroth order quasi-de Sitter part and the interaction part, we finally obtain
where P 0 S corresponds to the standard power spectrum for curvature perturbations in a quaside Sitter space-time, and ∆P S (k) contains the deviations from scale invariance induced by the rapidly varying background † [46] 27) where θ is defined in (2.13) and δ H is given by
Notice that the integration in eq. (2.27) is performed over the whole real line (−∞, +∞), which from now on will be omitted. To derive eq. (2.27) we did the following trick [43] : We extended the τ -integration domain from (−∞, 0) to (−∞, +∞) by imposing that both θ and δ H are antisymmetric functions with respect to the interchange τ → −τ .
We may now repeat all of the previous steps to compute the way that features appear in the tensor power spectrum. We find
where ∆P T (k) is given by Equations (2.27) and (2.29) are the basic equations that we will exploit to obtain the desired correlation between the two sectors of the theory. Before deducing such a relation, let us notice that the hierarchy of eq. (2.18) necessarily implies a hierarchy in Fourier space affecting the spectra, that reads 30) where ∆(k) stands for both ∆ S (k) and ∆ T (k).
Features from varying Hubble parameters
In this subsection we consider the case where c s = 1 for all times, so that δ S = δ H , and any observable feature is the outcome of sudden variations of H(t). Firstly, because of the hierarchy (2.18) satisfied by δ T , eq. (2.29) may be simplified as:
Furthermore, because of eq. (2.15), we see that eq. (2.31) may be rewritten in terms of η as:
32)
This expression may now be Fourier inverted, leading to a formal expression for η in terms of ∆ T (k) as
Next, we may use the hierarchy of eq. (2.18) satisfied by δ S to rewrite eq. (2.27) as
where we used the fact that δ H −τ η /2. As a last step, we may insert the expression for η in eq. (2.33) back into eq. (2.34), to obtain the main result of this work:
This equation offers the desired link between features in the tensor and scalar spectra. Notice from eq. (2.32) that even though we have assumed that 1, the piece ∆ T (k) could in principle be large. However, from eq. (2.35), we see that features in the tensor power spectrum are highly suppressed with respect to those in the scalar spectrum. This is not only due to the presence of 0 [53] , but also due to the double ln k-derivative acting on ∆ T (k), on account of the hierarchy (2.30).
In the next subsection we extend this result to the more general case in which rapid variations of the sound speed are also allowed. As we shall see, in this case too, tensor features remain generically suppressed.
Including the effects of a varying sound speed
In the EFT of inflation [39, 40] , the quadratic part of the action may exhibit a non-trivial sound speed for the perturbations, which could also lead to the presence of features in the scalar power spectrum [63, 64] . In general the evolution of c s (t) is independent of the evolution of H. That means that if features are generated by the simultaneous rapid variation of both c s and H, then the scalar and tensor power spectra would exhibit uncorrelated oscillatory features. This is because P S would have features sourced by both c s and H while P T would have features sourced by H alone. We would then have a relation of the form
where ∆ c represents the features sourced by variations of the sounds speed c s .
There are however intuitive reasons to expect that, at least in certain classes of models, variations of c s and H happen in synchrony. An example of such a situation is the case where the inflationary valley admits turns, which is typical in multifield inflation [63] . In these scenarios, as the inflaton traverses a curve in the field space, there are instant deviations from slow-roll produced by "centrifugal" effects. Furthermore, the existence of such turns is responsible for a non-trivial sound speed [65] . The two quantities should thus be related since they stem from the same source. Another situation where c s and H vary simultaneously is in P (X, ϕ) models, where the kinetic term of the inflaton has a non-trivial structure. In these cases a reduction of the rapidity of the vacuum expectation value of the inflaton would inevitably induce a change in both c s and H.
To capture the aforementioned situations, in [48] , a one parameter relation between the Hubble slow-roll parameter η and the sound speed was proposed. This had the form
with α ∈ R and θ = 1 − c 2 s . It was also shown to hold within several classes of models including P (X, ϕ) and multifield models, with α admitting specific values for each case.
Using this fact, one may now relate θ to η in eq. (2.27) and follow the exact same steps to obtain a generic relation between the scalar and tensor power spectra in the case where both the sound speed and the Hubble radius experience sudden variations: 38) and for the special case of α −1:
We see that in these set-up's too, deviations of the tensor power spectrum from scale invariance are suppressed by the slow-roll parameter as well as a double and a single momentum integral which smoothes out any acute variation of the scalar spectrum.
Before discussing quantitative features of these results, let us stress once more that the simple forms of eqs. (2.35), (2.38) and (2.39) are leading order expressions based on the assumption that any observable feature satisfy the following: i ) it is sharp, in the sense that any departure from scale invariance should take place within few e-folds, and ii ) it doesn't disrupt inflation, that is, remains small through out the whole dynamics.
A quantitative discussion
We now discuss the results of the previous section in two interesting situations. First, we consider the case in which resonant features are present throughout the whole spectra, and second, the case of the low power deficit observed in the scalar power spectrum. For this discussion, it will be useful to write concrete expressions relating features in the spectra and the rapidly varying contributions to the slow-roll parameters ∆ and ∆η. By Fourier inverting eq. (2.34) for the general case where the sound speed also contributes to features, these are found to be given by [46] ∆η(τ ) = i π 
(3.41)
Resonant features
This type of scale dependence is relevant in models of inflation where the potential is periodic or semi-periodic, such as axion monodromy inflation [66] , or models like Natural Inflation [67] . Inflationary scenarios involving axions usually require super-Planckian field range, and hence, they are good candidates for the production of primordial gravitational waves [68, 69] .
To acquire an idea of the possible impact of resonant features on the tensor power spectrum, we model the resonant part of the scalar power spectrum as 42) where A parametrizes the amplitude of the feature, while Ω and φ denote the frequency and the phase of the oscillation, respectively. To be concrete, we will consider the following values A = 0.028, Ω = 30 and φ/2π = 0.634, which were found to constitute the best fit in the analysis of resonant features by Planck [70] . In addition, we set k * = 0.05 [Mpc] −1 as a reference scale.
Case for α = −1
Using the parametrization (3.42) as a input, we numerically obtain the shape of the tensor spectrum feature via eq. (2.35), while the slow-roll parameters are reconstructed from eq. (3.40).
The results are shown in the plots of figure 1. There we see that features in the tensor power spectrum are present, albeit with an amplitude of ∆ T ∼ 10 −6 making them observationally irrelevant. This is a complementary argument in support of the claim that tensor features stemming from axionic potentials should be suppressed due to the smallness of the decay constant of the axion [71] .
Case for α −1
Next, we consider the special case of α −1 for the resonance features. We numerically solve eqs. (2.39) and (3.41) and plot the results in figure 2 . As can be seen, even though there is an order of magnitude enhancement with respect to the general case, the amplitude of the deviation from a scale invariant spectrum still remains extremely small. Furthermore, in this case η can reach values up to η ∼ 0.8. This does not invalidate the hierarchy (2.12), as to go from eq. (2.6) to eq. (2.14) one really requires η/2 to be much smaller than 1.
Predictions for the low tensor power spectrum
The low multipole region is the main observational window into CMB polarization since it is not contaminated by lensing effects. In addition, it is where the low deficit takes place in the scalar power spectrum [9, [14] [15] [16] [17] [18] [19] [20] . We focus in the < 50 region, roughly corresponding to 0.0002 k 0.004 [Mpc] −1 , which is the band that CMB polarization observatories focus on.
In order to get a quantitative look into the tensor power spectrum we model the ∼ 20 dip in the angular power spectrum as a sharp Gaussian: 43) where k * determines the location of the feature. We set A = 0.15, λ = 15 and k * = 0.002 [Mpc] −1 , which are chosen to have a rough fit with the observed power deficit. In addition, we choose 0 = 0.0068 [70] .
Case with α = −1
We solve eqs. (2.35) and (3.40) with the parametrization (3.43) as an input, with the results shown in the plots of figure 3 . We see that for a realistic amplitude A the tensor power spectrum exhibits a feature of amplitude ∆ T ∼ 10 −9 .
Case with α −1
In the special case of α −1, we see that the tensor spectrum and the slow-roll parameters, now given by eqs. (2.39) and (3.41) respectively, exhibit a feature which is enhanced by an order of magnitude compared to the previous case. However, as seen in figure 4 , the amplitude still remains extremely small.
Conclusions
We have studied the possible appearance of scale dependent features in the power spectrum of primordial tensor perturbations due to non-trivial inflationary dynamics in a model independent way. Our main result is eq. (2.35) -or eqs. (2.38) , (2.39) in the more general case of EFT's with a sound speed -which consist of relations linking features in the tensor power spectrum to those appearing in the scalar power spectrum, allowing us to estimate the amplitude and shape of the former given the latter. In general, we find that the tensor spectrum is expected to be featureless: Indeed, eq. (2.35) shows that any feature appearing in the tensor spectrum is generically suppressed with respect to those appearing in the scalar one for two reasons: firstly due to slow-roll [53] , and more importantly, due to the fact that features should in general be sharp enough in order to leave an imprint in the CMB.
One may wonder about other mechanisms producing features in the tensor sector of the theory. For instance, in principle, we could consider a Lagrangian describing the dynamics of tensor modes with a sound speed c t experiencing rapid variations producing features in the tensor spectrum. However, in [72] it was shown that under a disformal transformation, models with a non-trivial tensor sound speed (and canonical scalar sector) map into models with a non-trivial scalar sound speed (and canonical tensor sector). Since the spectra are invariant under such a transformation, our formalism to relate features in the tensor spectrum to those appearing in the scalar spectrum would continue to be valid. Moreover, in the special case where only c t varies, the disformal transformation would lead to an equivalent system where both c s and H vary, but in such a way that the scalar spectrum remains featureless [54] . Given that we are interested in understanding the consequences of features in the scalar spectrum on the tensor one, this class of situations is out of our scope. Current CMB observations show the existence of departures from scale invariance in the power spectrum of primordial curvature perturbations in the multipole range ∼ 20. If we interpret this behavior as the result of the dynamics of inflation, we are led to conclude that the tensor power spectrum will not show any consequential departure from scale invariance in this region. The importance of this conclusion may be appreciated more clearly by inverting the statement: If tensor modes are observed to have strong departures from scale invariance in the aforementioned multipole range, then we will have good reasons to suspect that the departures appearing in the scalar spectrum are not of primordial origin. ate scholarship program. WR acknowledges support from the DFI postgraduate scholarship program. 
